The temperature dependence of wettability (wetting angle, Θ(T )) for Ag-based melts on graphite and Al2O3 substrates is compared. Typical alloying eects are found, as the Ag host metal is gradually replaced by various metallic elements. The essence of alloying lies in the change of the electron/atom (e/a) ratio. This ratio is also manifested in the shift of wetting angles on the same substrate. The eect is also supported by the calculations based on the rigid band model, and is also in qualitative agreement with the Hume-Rothery rules. Nevertheless, the eects are partially smeared by other (metallurgical) factors, like the interaction between the oxygen-alloying elements and by the graphite substrateoxygen interaction. In contrast, such eects are not pronounced in the case of Al2O3 substrates. As a consequence, Θ(T ) exhibits an opposite trend in the case of two substrates. Crossovers of the Θ(T ) curves were often found. The positions of crossovers depend on the chemical character and concentration of solute atoms. Segregation and epitaxial texture formation after solidication were also observed in certain alloy drops, especially in high concentration range. This phenomenon is not yet explained in every detail.
Introduction
Soldering is the most popular joint technique in microelectronic and optoelectronic industries which technologies are widely used in the vehicle industry [14] .
Ensuring good wetting conditions between the solder material and the metallic parts to be joined is of great importance in these processes [511] . The Ag based alloys are particularly promising in this respect especially, when the worldwide trends in the replacement of lead--thin based alloys are considered [1215] .
In the previous papers [1619] , the wetting ability between graphite substrates and the AgM (M = Cd, In Sn, Sb) melts were reported, determined by the sessile drop method. Systematic change was detected in the wetting angle, when the Ag host metal was replaced by these elements or, when the solute concentration was also altered.
The temperature dependence Θ(∆T ) was compared and the results were interpreted on the basis of classic alloying eects, i.e. based on the change in electron concentration (e/a), which is also reected in the shape of the appropriate phase diagrams.
In this paper the Θ(∆T ) measured on graphite and Al 2 O 3 substrates is compared. Correlation between the thermopower (S) and the residual resistance (measured in bulk solid state) and the wetting conditions will be described in the outlined silver-based alloys.
Experimental conditions
Alloys were prepared from high purity (4N) Ag and Sn, using induction melting in quartz crucible under inert (Ar) atmosphere. The graphite substrate was prepared from high purity, porosity free base material. The substrates were mechanically polished to R a = 0.23 ± 0.005 µm, r = 1.009 ± 0.0005, then the surface roughness * corresponding author; e-mail: weltsch@kgtt.bme.hu was determined using a 3D laser prolometer (Rodenstock RM600 surface topography measurement system).
The wetting experiments were performed in home--made equipment developed for sessile drop measurements.
The experiments are described in detail in
Ref. [20] . The graphite substrate and the alloy pieces were positioned into the middle of furnace at ambient conditions. The pressure was then reduced to 0.1 Pa at room temperature in the chamber. The vacuum was replaced by a 10
5 Pa 99.999% Ar gas. This procedure was repeated 3 times. Subsequently, the temperature was raised to 1273 K using a heating rate of 4 K/s. Since only a small part of the gas chamber is heated, no pressure change could be detected in the chamber (10 5 Pa) during the measuring run, which was performed during the heating run at 1273, 1323, 1373, 1423, and 1473 K, respectively.
The heating power has stopped around each measuring temperature. The equilibrium contact angle was stabilized within one minute [21] . Two minutes holding time was applied before the measurement.
The contact angle was determined by measuring directly the prole of the drop. Self-made automatic software in the Matlab environment is used for xing and processing the data. Though the uncertainty of this software is below 1 degree, the total uncertainty of the measured values is higher: ±3
• .
At the end of the measuring process at 1473 K, the furnace was switched o and cooled slowly to the ambient temperature (the whole cooling time is around 40 min).
Subsequently the furnace was opened and the solidied sample was removed.
The vapour pressure of the sample components is different. Consequently, the preferential evaporation during the wetting angle measurements cannot be excluded.
This eect can be the source of error in the contact angle measurements, because the wetting angle also depends on the sample mass, as it is illustrated by Fig. 1 . Avoiding this eect, control measurements were performed. 
The investigated alloys (metallurgical characterization)
It is well known that several correlations exist between the bulk physical properties and the shape of phase diagram in metallic systems. On the other hand, it was also reported already in early papers that surface molar energy of liquid metals is in close connection with the heat of vaporization [22] . The correlation is similar with the melting point of the appropriate metals. It is also known that simple relation exists for the description of phase stability and the electron structure of simple alloys. The investigated alloys were selected on the basis of outline principles.
An additional motivation in the alloy selection was the simple solidication mechanism, i.e., the simple phase relation which is developed during the solidication.
All alloys (except the 10 at.% Sb alloy) do form continuous series of solid solutions after solidication, i.e. only a single phase is formed from the molten state and no second phase precipitation occurs at low temperatures.
The position of solutes in the periodic table shows the increasing group number (Fig. 2) . Accordingly, the stability range of these solid solutions is governed by average valence electron concentration at the Fermi level of Ag. The upper limit of this concentration is around (e/a ≈ 1.36−1.59) for the stability limit of α-solid solution in Ag. One can understood therefore that alloying (partial replacement of Ag by these elements in the sequence Cd → In → Sn → Sb leads to the narrowing of the α-phase region. The predictive power of this criterion is qualitatively supported by the well known Hume-Rothery solubility rules in these alloys [23, 24] . The appropriate changes in the bulk physical properties in solid state have been reported already in previous papers [25, 26] .
On the other hand it is clear, increasing dierence in the slope of liquidus and solidus lines of these α solid solutions are in close connection with the mentioned degree of segregation, which reects the degree of dierence between chemical potential of solutes between the contacting phases at a given temperature.
The outlined tendencies can really be recognized from the comparison of the appropriate phase diagrams presented in Fig. 3 .
In metals the surface energy, like other energy terms, has two main contributors: the lattice term and the elec- tron gas term [19] .
In normal and noble metals the cohesion is mainly represented by the electron gas. In the investigation of surface energy, the rst question was whether the alloying eect (outlined before) can also be detected in the surface phenomena i.e. in the change of wetting of the melt at the surface of the same substrate.
The substrate materials are (in the rst approximation)
inert (non-reactive) with respect to the molten Ag. The question is whether the change in the electron structure (caused by the metallic solute atoms) can also be detected in the surface energy. We will see that in other physical properties (mainly the electronic transport phenomena) this eect can be detected. A simple electronic structure calculations were also performed to calculate the surface energy change [28, 29] .
The results of following calculations refer to liquid metals. The liquids are isotropic; therefore the surface tension is equal to the surface energy. Our consideration is based on the free electron model proposed by Ziman [30] for the description of resistance.
For surface energy calculation, the key is the modelling applied to the description of surface. In the frame of the Sommerfeld [31] concept, which is good enough for simple calculations, the liquid metal is represented by a potential well with depth of work function. The work function is high enough to apply an approximation of the innitely deep well.
The metal is considered to have form of a slab. The slab is innite in two directions: x and y. In these directions periodic boundary (k) conditions are used. In the third direction, the boundary condition is dierent. For reference we also use periodic condition. To obtain the surface energy we calculate the slab with innite potential at both ends, that is, the wave function tends to zero at the ends. Starting relation is the energy (E) of free electron gas of an eective electron mass (m),
where is the reduced Planck constant.
The summations are running through the quantum numbers, by the restriction, the energy is smaller than the Fermi energy, i.e. the modulus of wave number is smaller than the Fermi wave number. The factor 2 in the beginning of the formula counts the spins up and down. The slab has a periodic boundary condition in the directions x and y, thus the summation in these directions can be replaced by integration. A denotes the size of the surface, A is parallel to the xy plane, ρ is the electron state density. In cylindrical coordinates
and after integration the next formula is obtained
If periodic boundary condition is applied in z direction too, the reference system has no surface. The quantum
in which the integer number n runs over the positive and negative integers and zero fullls the energy is smaller than the Fermi energy. If n = 0, it is the lowest energy electronic state. All other states are twice degenerated energy terms. L z is the thickness of the slab, in this case it is the period of the boundary condition. If we have nite slab with surfaces, then
where n is positive integer. In this case there is no n = 0 states, and the terms are twice denser. The rst one is lower than the rst state of the reference system. The second one is just the same as the rst (twice degenerated) one in the reference system. In every second term the system with surfaces has more energy caused by the wave number dierence ∆k z = π Lz n between the two en-ergy values, given the energy of the two surfaces of the slab. The larger the thickness of the slab, the smaller the wave number dierence. Therefore power expansion can be carried out. Thus the surface energy (γ) is as follows:
Now the summation over k z can be approximated by in-
The Fermi wave number is a common function of electron density, therefore our nal formula is
It is to conclude from the calculations that the electronic term for surface tension really depends on the electron density, i.e. on the electron/atom (e/a) ratio. This dependence is almost linear; therefore the successful experimental detection is expected in higher solute concentration only. In the frame of the experimental errors, the power 4/3 is not distinguishable from the linear behavior.
4. Sample control using electric resistance and thermopower measurements 4.1. Electric resistance measurements Accordingly, the residual resistance was measured before and after the wetting experiments and this resistance changes were compared with the results of EDAX analysis. Fig. 4 . The temperature dependence of electric resistance for 5 at.% AgCd, AgIn, and AgSn solid solutions.
As an example the temperature dependence of electrical resistivity is shown for pure Ag, AgCd 5 , AgIn 5 and AgSn 5 , in Fig. 4 . The slope of ρ(T ) curves is negligible. Hence, in the ρ(T ) = 0) limit, the Nordheim rule is fullled in the investigated alloys [32, 33] .
According to ρ r (x) = Ax(1−x), where ρ r is the residual resistivity, x is the concentration of solute atoms. As the host metal is identical, A is characteristic of the solute atoms. Hence, the trend in the resistivity increase reects the increasing free electron concentration introduced by the host metal replacement.
Thermopower (S) measurements
S measurements were also introduced independent of the detection of sample-contaminations during the wetting experiments. The thermopower measurement is a suitable method for this purpose: this simple method is easy-realized even at around room temperature (low temperature is not necessary). In addition, the method is geometry-independent. 
Instead of this dierential form, an increasing temperature dierence (∆T ) is applied according to the spirit of expression (10),
where T 1 is the room temperature, T 2 is gradually changed from T 1 + 1.5 to T 1 + 3 values. It was reported previously that S(∆T ) can supply information about the feature of the MCu phase diagram, the phase transformations and also from the electronic structure of the investigated M metals [36, 37] .
The S(∆T ) measurement is used for detecting the possible change in the electronic structure, caused by the dissolved alloying element. The dominant eect is the change in the electron density change caused by the solute atoms. be the consequence of deoxidation in molten state. As a whole, it is to conclude that shift of S to negative direction or the pronounced change in the S(∆T ) slope is the consequence of the increasing group number dierence (valence electron and electronegativity dierence) between the Ag host and solute atoms.
Wetting angle measurements
The wetting angle was measured in wide temperature range. The wetting angles are illustrated as a function of the melt overheating (dened as ∆T = T obs − T liq , where T obs is the experimentally measured temperature, T liq is the liquidus temperature for the alloy at the investigated concentration). The favour of this illustration is obvious, as the slope of liquidus is very dierent (see Fig. 3 the Ag/graphite interphase formation is energetically unfavorable in the same atmospheric circumstances, as the temperature increases (the interfacial energy increases) [22] .
The inuence of alloying elements on Θ(T ) is also opposite in the case of two substrates. The shift (at a given superheating) increases with the solute concentration, as it is expected from the residual resistivity measurements (see Fig. 9 ).
Crossovers of the Θ(T ) curves are often observed.
An inuence of Cd addition is exceptional: generally opposite to that found in the case of other substituents (Θ decreases compared to the pure Ag). The lowering tendency is also typical on Al 2 O 3 substrates. This general observation probably arises from the intrinsic property of Cd metal (exceptional high vapour pressure) [38] . Fig. 9 . Ellingham of the investigated systems [40] . 
As the T -dependence of equilibrium constant for the reaction (11) is opposite than that for the metallic oxides formation (Fig. 9 ) the reaction is completed, when the temperature increases. Thus, further enrichment of CO molecules takes place at the meltgraphite interface.
This reaction is dominant for the pure Ag, therefore the slope of Θ(T ) is the highest (rapid wettability decrease versus the increasing temperature).
When the liquid drop is such a solution, in which the reactivity of the dissolved M metal to the oxygen is higher than that for the Ag (see Fig. 9 ), interaction between the dissolved O and the M is developed in the melt according to
i.e. the metallic solute does also participate in the overall process. Hence, the activity of dissolved O is modied.
At lower temperatures (near the liquidus) the reaction (11), at high temperatures the (12) reaction is the dominant (according to the spirit of the Ellingham diagram in Fig. 9 ).
The crossovers between the Θ(T ) Ag and Θ(T ) Ag−M curves can be understood based on the outlined interactions.
The opposite sign of Θ(T ) in the case of Al 2 O 3 can be imagined on the basis of substrate-degassing. As the temperature increases, O-desorption from the meltAl 2 O 3 interface takes place, which will dissolve in the Ag-melt.
The O-enrichment in the Ag drop results in a surface tension lowering [38] .
As a whole, two types of inuences can be distin- reported that surface tension of metallic melts at their melting points depends on the heat of vaporization [38] .
However, the reason of opposite Θ(T ) dependence of the wetting ability of graphite cannot be explained in every detail. The micro-porosity of two substrates is nearly the same (see Table) . The indirect inuence of packing density of crystal planes crossing the substratemelt in-
terface cannot be completely excluded [41] . The chemical absorption of O-traces arising from the heating unit may also contribute to the observed anomalies.
As it was mentioned, the behaviour of Cd solvent is exceptional in the investigated systems: Θ(T ) usually decreases (especially at higher Cd content) which hints to increasing wettability due to the Cd addition. This tendency is particularly remarkable on the Al 2 O 3 substrate.
The wettability increase can be the indirect consequence of the high vapour pressure of Cd, the overwhelming majority of Cd exhausted from the liquid during the wetting experiments (see Table) . Consequently on the reaction suppressed, the liquidC interface formation is energetically favourable.
Because of the exceptional high vapour pressure of Cd, this reaction opens an additional discussion to the processes proposed by Eq. (12), which is going on recently.
6. Possible correlations between the interphase segregation tendencies and the contact angle As an example, signicant surface segregation can really be detected in AgGa 10 alloy by the EDAX analysis of the cross-section of solidied AgGa drop (see Fig. 10 ). Based on the shape of phase diagrams, the highest segregation can really be expected in this case. This is also supported by the results of cross-sectional analyses (Fig. 10) .
The Ga concentration is identied here by EDAX measurements near the substrate, comparing them with the inner side of the drop. The Ga-content is signicantly lower near the substrate interface (around 7 at.%), showing the depletion of alloying element in this region.
Texture formation in the solidied drop was observed near the graphitedrop interface, which seems to be in correlation between the degrees of melt superheated.
In Fig. 11 The ab initio calculation of electronic density change due to the alloying does support the present experimental results.
It was found that the temperature dependence of the wetting angle is opposite for the two substrate materials in the pure Ag and the investigated solid solutions.
As a consequence, crossovers exist between the individual Θ(T ) curves as a function of melt overheating.
This means that at least two opposite factors exist in the temperature dependence of wetting ability of these alloy melts, indicating that the induced bulk alloying changes are often smeared by other metallurgical eects; like substrate melt interaction.
